The effects of embedding up to 60 mol% of α-tocopherol (α-Toc) on the morphology and structure of the egg phosphatidylcholine (PC) membrane were studied using spectroscopic techniques. The resulting vesicles were subjected to turbidometric and dynamic light scattering measurements to evaluate their size distribution. The α-Toc intrinsic fluorescence and its quenching was used to estimate the tocopherol position in the membrane. Optical microscopy was used to visualize morphological changes in the vesicles during the inclusion of tocopherol into the 2 mg/ml PC membrane. The incorporation of up to 15 mol% of tocopherol molecules into PC vesicles is accompanied by a linear increase in the fluorescence intensity and the simultaneous formation of larger, multilamellar vesicles. Increasing the tocopherol concentration above 20 mol% induced structural and morphological changes leading to the disappearance of micrometer-sized vesicles and the formation of small unilamellar vesicles of size ranging from 30 to 120 nm, mixed micelles and non-lamellar structures.
INTRODUCTION
Vitamin E is a generic name for a mixture of different types of tocopherols, the most abundant of which is D-α-tocopherol (α-Toc), a biologically active lipidsoluble antioxidant. The chromanol ring of α-Toc is thought to be located in the polar region of the membrane, where the phenoxyl hydrogen group is hydrogenbonded to the carbonyl group of the lipid. The interaction of tocopherol with other membrane constituents has an effect on membrane stability. The location of α-Toc in the membrane and its interaction with the membrane components may determine its biological activity. As shown in reported studies, the presence of α-tocopherols in the model membrane improves acyl chain order, decreases fluidity in liquid crystalline bilayers, and reduces the phase transition temperature of gel to liquid-crystalline state [1] [2] [3] . There are reports showing that the presence of tocopherol in a suspension of cells promotes fusion [4, 5] . In model studies with DPPC and DPMC membranes, it has been shown that the presence of tocopherol in the membrane stabilizes its structure [6, 7] via the formation of complexes with membrane lipids [8] [9] [10] . The tocopherol concentration in the above-described experiments was usually between 2 and 8 mol%, and never higher than 12 mol%. In biological membranes, tocopherol concentration rarely exceeds 2 mol%. However, there are zones of much higher α-Toc concentration. For example, upon supplementation with vitamin E or during encapsulation in liposomes, the α-Toc concentration may reach 80% [11] . This raises a number of questions. How does an increased amount of vitamin E interact with lipid membranes? What are the limiting factors for membrane saturation with vitamin E? What is the role of the excess tocopherol molecules in the system? Increasing tocopherol concentration in a membrane can be expected to lead to new interactions, which may disturb the morphology and structure of the membrane. Incorporation of high (above 10 mol%) molar fractions of tocopherols into a PC membrane was investigated using X-ray and freeze-fracture electron microscopy [12, 13] , which revealed the formation of a ripple phase with tocopherol-enriched domains. In spectroscopic studies [14] using fluorescent probes, the presence of 20 mol% of α-Toc in DPPC membranes was found to reduce acyl chain mobility and interfacial polarity. The formation of domain structures in alpha tocopherolenriched PC membranes has been clearly evidenced by impedance spectroscopy [15] . Another technique used for detecting submicrometer range domains in membranes is atomic force microscopy [16] [17] [18] . Giant vesicles were used as a model of biomembranes suitable for optical microscopy detection [19] due to their resemblance to cell membranes compared to supported bilayers and monolayers, which are prone to artifacts. Giant liposomes (in the form of unilamellar or multilamellar vesicles) were used as model membrane systems, mainly to study the antioxidant properties of tocopherols and other antioxidants by means of spectroscopic techniques such as fluorescence, confocal microscopy, fluorescence lifetimes, fluorescence energy transfer and NMR [14, [20] [21] [22] [23] [24] [25] . The investigations were focused on the antioxidation processes as well as on changes in the structural and physicochemical properties of the membrane bilayer. We applied spectroscopic methods in order to detect and measure the changes in the membrane at the molecular and microscopic levels. Fluorescence spectroscopy and fluorescence quenching are suitable techniques for providing information on the location of α-Toc in micellar and lipid systems, mainly because of fluorescence spectrum sensitivity to the microenvironment. No single particle-sizing method can be sufficient to describe the complete particle size distribution in the investigated system, as the dimensions of the aggregates formed vary widely, ranging from nanometers to tens of micrometers. We used two methods in which different properties of dispersed particles are measured in order to estimate their diameter values. One method is dynamic light scattering, a technique widely used for measuring the size distribution of cells, micelles and vesicles in the range from 5 to 1000 nm. The other method, optical microscopy, was applied to directly visualize the formation and the morphological changes in GUV with diameters ranging from a few micrometers to 50 micrometers. Concentration-induced structural and morphological effects in unilamellar and multilamellar PC vesicles due to increasing α-Toc concentration up to 60 mol% were investigated within this study.
MATERIALS AND METHODS
Reagents and vesicle preparation L-α-phosphatydylcholine (lecithin) of purity > 99% from egg yolk was purchased from Sigma Aldrich (Germany). It is composed of approximately 33% palmitic acid (16:0), 13% stearic acid (18:0), 31% oleic acid (18:1), and 15% linoleic acid (18:2), with other fatty acids being minor contributors, and has an average molecular weight of 768 [26] . The above data indicates that at least 50% of the PC bilayer is composed of unsaturated fatty acids. Lecithin tends to be used as a synonym for phosphatidylcholine (PC), which is the major component of the phosphatide fraction isolated from either egg yolk or soy beans. PC is a mixture of differently substituted sn-glycerol-3-phosphatidylcholine backbones. In PC originating from egg yolk, saturated acyl groups are more common in the sn-1-position, whereas unsaturated fatty acids are dominant in the sn-2-position [27] . Almost all naturally occurring unsaturated fatty acids are entirely of the all-cis-conformation [28] . An external standard of D-α-tocopherol, obtained from Calbiochem (USA), was used as a reference. Acrylamide ACM, potassium iodide KI and CuSO 4 were purchased from POCh (Poland). For the membrane studies, PC and α-Toc were dissolved in chloroform and mixed to obtain the desired molar fractions. Chloroform solutions containing from 2 to 800 μM of D-α-tocopherol in 0.2 mg/ml or 2 mg/ml of PC were dried in nitrogen in order to obtain a thin film on the bottom of the flask. Then the sample was kept under a vacuum to remove traces of solvent. In the preparation of giant multilamelar vesicles (GMV) and large multilamelar vesicles (LMV), a magnetic Heidolph MR 3001 K/EKT 3001 stirrer/heater (Germany) was employed to maintain the preset temperature values. The stirring speed was approximately 700 rpm; vesicles were formed by incubating the dried lipid in distilled water under vigorous vortexing at 22ºC for 5 minutes in nitrogen. After 15 minutes of stirring, the final weight was adjusted with double-distilled water. As the main transition temperature for PC is below 0ºC, such a temperature was used solely in order to obtain a homogeneous and uniform suspension. Two concentrations of the PC membrane, 0.2 and 2 mg/ml, were used in the studies. Upon water uptake, lecithin forms lamellar closed spherical bilayer vesicles widely ranging in size, depending on the head group type, pH, temperature and hydration [30] . The assignment of the observed structures is based on data from the literature. Small single-bilayer vesicles with a diameter below 20 nm are called SSBV, those up to 100 nm are considered small unilamellar vesicles (SUV), and those up to 1000 nm large unilamellar (LUV) or multilamellar (MLV) vesicles. Vesicles with a diameter exceeding 1 micrometer are referred to as giant lamellar or multilamellar vesicles (GLV).
Fluorescence and absorbance spectra
Fluorescence spectra between 300 nm and 500 nm were measured with a Shimadzu 1501 PC spectrofluorimeter equipped with a thermostatic cuvette holder. The α-Toc emission spectra were measured at an excitation wavelength of 295 nm in a 1 cm cuvette at room temperature, 22ºC. In the quenching studies, the aliquots of quencher stock solutions were added directly to the sample and equilibrated for ten minutes before measurements were taken. All the quencher solutions were freshly prepared before the measurements, and in the case of KI, a small amount of sodium thiosulphate was added to inhibit I -3 formation. The correction of acrylamide absorption at 295 nm was applied. Absorbance spectra in the range from 200 nm to 700 nm were taken with an Ocean Optics S1000 spectrometer. Turbidity was measured at 450 nm on the absorption spectrum. The presented data is based on the results of three to five different sets of experiments.
Dynamic light scattering (DLS)
The experimental setup for the dynamic light scattering measurements consisted of a Helium-Neon laser (Zeiss, HNA 188-S,Germany, λ = 632.8 nm, operating at 30 mW, linearly polarized light), a goniometer and an ALV-5000E digital correlator (both manufactured by ALV, Langen). The scattered light was collected using a mono-mode optical fiber mounted on the arm of the goniometer (ALV/SP-125, ALV GmbH, Langen, Germany) and fed into a high quantum efficiency photon-counting avalanche photodiode (APD unit, ALV GmbH, Langen, Germany). The sample temperature was maintained at 20ºC within ± 0.1ºC. Prior to each measurement, the water was filtered (with 0.2 μm Millipore disposable filter units) into dust-free 10 mm cylindrical scattering cells, which were centrifuged at 4000 g for 30 minutes to remove air bubbles.
The homodyne intensity autocorrelation function was measured at various scattering vector length values (at angles of 30º, 45º, 60º, 90º, 120º and 150º). The inverse Laplace transform (CONTIN) was applied in order to obtain the relaxation time distribution. Independently, the relaxation time values were determined from the triple-exponential fits. The diffusion coefficients were then calculated with the equation:
where t is the relaxation time, D denotes the translation diffusion coefficient, and q is the scattering vector length defined as:
where θ is the scattering angle and n the refractive index of the solution. The hydrodynamic radii were calculated using the Stokes-Einstein equation (assuming a spherical shape). Finally, the number-weighted particle radius distribution function was determined from the decay time distribution using the Stokes-Einstein equation [29] .
Light microscopy An AXIO SCOPE 2 Plus light microscope from Zeiss, Germany, equipped with a photographic camera was used. 10 μl of the sample was placed on a microscope cover slip and covered with another one. The pictures were taken in oil immersion with an optical magnification of 100x. Six to ten images of each sample were taken. At each concentration, 3 to 5 samples were prepared on microscopic cover slips. This means that the characteristic image for a given concentration was chosen from 18 to 50 individual frames.
RESULTS

Fluorescence spectra
Intrinsic α-Toc fluorescence provides a sensitive probe of its microenvironment. In hexane, the lowest energy transition of the α-Toc molecule is found at 296 nm; when excited in its absorption band, α-Toc exhibits fluorescence with a maximum at 325 nm. The shape and position of the α-Toc fluorescence maximum in PC is similar to that recorded in hexane, which suggests a similar dielectric microenvironment of tocopherol in the hydrophobic membrane. These two characteristic peaks obtained from the absorption and fluorescence spectra Vol. 12. No. 1. 2007 CELL. MOL. BIOL. LETT. 56 have been used for determining the position of α-Toc in the membrane. The absorption maximum of α-Toc in PC is found at 296 nm, and this position is held within a wide concentration range. Fig. 1A shows the fluorescence intensity changes recorded at the peak maximum, 325 nm, versus the total amount of α-Toc added to the sample. This dependence shows a linear relationship between the fluorescence intensity and the concentration of α-Toc incorporated into PC vesicles. At both PC concentrations, the dependence is similar. At the beginning, the linear fluorescence increase reaches a maximum at 22 mol% in 0.2 mg/ml PC and at 17 mol% in 2 mg/ml PC. Any further α-Toc concentration increase gradually reduces the fluorescence intensity. At low tocopherol concentrations, there is no change in either the peak position or the spectrum shape, and no deposition is found on the cuvette. As α-Toc is practically insoluble in water, the recorded fluorescence can be assumed to arise mainly from the monomeric form of α-Toc embedded into the PC bilayer. At higher tocopherol concentrations, fluorescence quenching is observed. This may be associated with the formation of tocopherol dimers or aggregates. However, the fluorescence arising from the α-Toc dimer is much weaker than that arising from the monomer. The observed concentration-dependent fluorescence quenching suggests that the emission originates from the structures with high local α-Toc concentrations and may arise from the tocopherol domains forming in the membrane. 
Turbidity measurements
Turbidity measurements are often used as a crude tool to determine the size of the scattering particles. In the case of membranes, an increase in turbidity or light scattering is interpreted as an increase in the size of the vesicles. This method was applied to estimate the changes in vesicle size. Fig. 1B shows the turbidity vs. α-Toc concentration. The scattering value without α-Toc in the sample indicates that the size of the PC vesicle depends on the initial lecithin concentration. Increasing the amount of added α-Toc increases the scattering amplitude. In the 0.2 mg/ml PC sample, the scattering maximum is observed at 22 mol%. Above that concentration, the turbidity is found to decrease rapidly, and at 50 mol%, the sample is transparent. In the sample with 2 mg/ml PC, the scattering maximum is found at 15 mol%. At higher α-Toc concentrations, the scattering decreases to a very low level and becomes transparent at 50 ml%. The initial increase in scatter reflects vesicle merging induced by the addition of α-Toc. Also, the maximum size of the vesicle formed in the presence of α-Toc is found not to depend on the initial lecithin concentration, but the position of the maximum depends on the α-Toc/PC ratio. The turbidity results suggest that the presence of α-Toc induces structural changes in the membrane. The increasing amount of α-Toc in the membrane initially induces the formation of larger vesicles. When this process continues with α-Toc above 20 mol%, one can observe membrane disruption and collapse of the large vesicle, followed by the formation of smaller vesicles or mixed micelles.
Fluorescence quenching studies
External quenchers, through their collisions with fluorophore, will reflect the changes in its accessibility under specific conditions. The fluorescence quenching technique was applied to obtain information on the position of the α-Toc in the membrane. Additionally, this method was used to deduce structural changes in the vesicles in the presence of α-Toc. In these studies, nonpenetrating CuSO 4 , ionic potassium iodide (KI) and neutral acrylamide (ACR) were used as quenchers of tocopherol fluorescence in the presence of the PC membrane. KI and ACR are aqueous phase quenchers, and both can penetrate the membrane at a similar rate [31] . The quenching experiments were conducted at 15 mol% and 50 mol% α-Toc concentrations in the PC membrane, revealing a fluorescence maximum and a minimum, respectively (see Fig. 1A ). The results obtained at 15 mol% α-Toc are presented as Stern-Volmer plots in Fig. 2 . Acrylamide, the neutral polar quencher, shows a similar quenching rate at both membrane concentrations with K SV = 10.5 M -1 . At a quencher concentration above 100 mM, the Stern-Volmer plot shows an upward curvature for both PC concentrations. Such a feature suggests the mechanism of dynamic and static quenching. Static quenching of fluorescence may arise from the ground state complex formation between acrylamide and tocopherol. This complex should be evident from the absorption spectrum of tocopherol as acrylamide was added, but no changes in the absorption spectrum were observed up to an acrylamide concentration of 0.5 M in the sample. In order to explain the upward curvature, another approach, referred to as the "sphere of action" model, was applied [32] . In this mechanism, fluorophore quenching is assumed to be complete if a quencher molecule Q is inside a sphere (called the sphere of effective quenching, the active sphere or the If a quencher is beyond the active sphere, it has no effect on M at all. Therefore, the fluorescence intensity of the solution decreases with an increasing number of quenchers Q. This mechanism leads to the modified Stern-Volmer equation (1):
where: F and F 0 denote the fluorescence intensity with and without the quencher Q, respectively; K D is the dynamic quenching constant; and V is the static quenching constant.
In order to determine the acrylamide-quenching parameters of α-Toc in this mechanism, the modified Stern-Volmer equation (1) was applied with two fitting parameters, K D and V. The static quenching constant V represents an active volume surrounding the excited fluorophore. It is then possible to calculate the radius of the reaction distance R; the calculation results are shown in Tab. 1. As the Stern-Volmer plot obtained for KI exhibits an upward curvature at both membrane concentrations, kinetic quenching parameters were analyzed with the modified Stern-Volmer equation (1) . The fitted results are presented in Tab. 1. The Stern-Volmer plot of the aqueous phase cationic quencher CuSO 4 shows a linear dependence, which allowed the calculation of the Stern-Volmer quenching constant K SV , also given in Tab. 1. It is noteworthy that the dynamic quenching constant values calculated for the ionic quencher are much higher than those obtained for neutral acrylamide. Additionally, the quenching constant for both charged quenchers in the 0.2 mg/ml PC membrane is higher than in that of 2 mg/ml concentration. At high α-Toc concentration (50 mol% in the sample), the fluorescence intensity is low and the presence of 5 mM of ACR or KI quenches fluorescence to a barely measurable level. Such efficient quenching suggests that α-Toc in the newly formed structure is more accessible to the aqueous phase quenchers than it is in the membrane. 
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The α-Toc fluorescence originates from the chromanol part of the tocopherol molecule. In the membrane, the tocopherol's "head" is located in a more polar region in the vicinity of a phosphate group, an anionic moiety of a phospholipid. Observed at both membrane concentrations, the efficient quenching by the charged quenchers indicates that electrostatic factors play a role in the interaction between α-Toc and the quencher in the lipid membrane. The parameters calculated for 0.2 mg/ml PC show about three-fold higher values compared to the 2 mg/ml concentration. This may suggest that in 0.2 mg/ml PC, the distance between polar heads is bigger, so it is possible that one quencher associates simultaneously with three fluorescent molecules. The possibility of such interaction in lipid membranes has already been reported [33] . The applied sphere of action model used in our calculations of V and R for ACR and KI quenching of α-Toc in the membrane yields values comparable with those reported by Zheng [34] . Also, the fact that no spectrum modifications were found indicates that no specific interactions between the fluorophore and the quenchers occur. When α-Toc is buried deeper in the bilayer, the access of the quencher is limited [35] . Efficient quenching should occur in the structures where the chromanol part of tocopherol is exposed to external aqueous phase quenchers. Such unlimited access is possible when α-Toc is protruding from micelles, mixed micelles or non-lamellar structures, while the phytol chain is anchored in the hydrophobic part of the structure. Thus, besides the numerical values describing the quenching process, the results of the quenching experiments may indicate structural changes in the vesicles induced by the presence of α-Toc.
Dynamic light scattering (DLS)
The dynamic light scattering method has been extensively used for particle size analysis in the submicrometer range. It covers the size range of about 1 nm to 3 µm [29] . We applied the DLS method to calculate the size distribution of the PC vesicles formed in aqueous solution with and without tocopherol added. Fig. 3 shows the number-weighted hydrodynamic radius distribution of 2 mg/ml PC vesicles formed without, with 15 mol%, and with 60 mol% α-Toc in the sample. The α-Toc concentrations used refer to the maximum and minimum fluorescence observed at 15 mol% and at 60 mol%, respectively. According to Fig. 3A , there is a wide distribution of vesicle sizes from 20 nm up to 650 nm in the PC sample. However, vesicles of dimensions up to 250 nm constitute 95% of the total liposome population, with the maximum number of vesicles observed at a diameter of 35 nm. The presence of the 15 mol% α-Toc in the sample affects the distribution of the hydrodynamic radius of the vesicles. As can be seen in Fig. 3B , the number of the vesicles with greater radius increases. In the distribution curve for 60 mol% α-Toc concentration in the sample (Fig. 3C) , the sizes of the formed structures range from 30 to 120 nm with a mean diameter of 60 nm, and no vesicles with a diameter above 120 nm are found. Similar results were obtained for the 0.2 mg/ml PC membrane. In order to assign the obtained distributions to the proper structures, the numerical diameter values for those structures are indispensable. Another approach was used for this purpose, assuming that the scattering is due to three structures with different diameters. For the calculations using the Discreete program, a three-exponential function was assumed. In the 2 mg/ml sample with and without α-Toc, the first calculated component yielded a radius between 15 and 20 nm, which indicates the SSBV structure. The second component, with a radius of about 84 nm in all three samples, indicates the SUV. The formation of SUV in the range from 80 to 100 nm was observed in tocopherol-enriched PC liposomes [36] . For the third component, radius values of 553 nm, 334 nm and 270 nm were obtained, corresponding to samples without and with an increasing amount of α-Toc. The last component can be assigned to LUV or MLV. The contribution to the total scattering intensity of each component depends on the tocopherol concentration in the sample. The calculated diameters R and the contribution of each component to the scattering intensity are presented in Tab. 2.
Tab. 2. The calculated diameters R (nm) obtained using the Discreete program and the contribution (%) of each component to the total scattering intensity. It should be kept in mind that the amplitude of the decay time distribution in the scattering experiment is proportional to the sixth power of the particle radius and to the number of particles; the latter holds for spherical particles [29] . Hence, even a single large structure may contribute more to the total scattered intensity than a large number of small ones. This is clearly seen when we compare the data in Fig. 3A shows the maximum number of structures of smaller radius around 60 nm, whereas the calculations indicate that 50% of the scattering contribution arises from a 533-nm structure. The same considerations are valid for the data presented in Fig. 3 and Tab. 2. Another source of the discrepancy between those two methods may reflect the fact that the observed structures do not possess radial symmetry and are not lamellar structures. The DLS measurements have shown that increasing α-Toc concentration in the PC membrane decreases vesicle diameter, finally leading to its disruption and to the formation of new structures like mixed micelles or small lamellar vesicles. A presentation of the results as diameter distribution, as in Fig. 3 , seems more adequate than the numerical diameter values of the structures shown in Tab. 2.
Optical microscopy
The images of lecithin giant vesicles obtained by optical microscopy are shown in Fig. 4 . The pictures show unilamellar and multilamellar vesicles in the form of spheres of size ranging from 5 to 40 micrometers, depending on the components present in the system. The vesicles formed from 2 mg/ml PC are more uniform and do not exceed 15 micrometers, while those formed with the presence of 15 mol% α-Toc are larger, with diameters up to 40 micrometers. Their shapes differ considerably, being circular, oblate, unilamellar and multilamellar. The vesicles often have a few smaller unilamellar liposomes trapped inside. The variety of the shapes of the vesicles with and without α-Toc is a manifestation of structurally induced fluctuations leading to a new equilibrium. No vesicles were seen in the presence of 60 mol% of α-Toc in the sample, which suggests that the diameters of the newly formed structures are in the submicrometer range, not observable with an optical microscope. No vesicles in any 0.2 mg/ml PC sample, with or without α-Toc, could be found with the optical microscope. It seems that at low PC concentrations, the formation of giant vesicles is energetically unfavorable and occurs very rarely.
DISCUSSION
The formation of vesicles in aqueous solutions is a common property observed in both artificial and naturally occurring phospholipids. Based on the knowledge of the structure of lipids present in PC, lamellar (vesicular) and micellar phases could be expected. The results of this study, using dynamic light scattering, turbidometry and optical microscopy methods, show that in aqueous solutions, the amphiphilic properties of PC lead to the formation of supramolecular aggregates, ranging in size from small single-bilayer vesicles and small unilamellar vesicles to giant multilamellar vesicles. This occurs as a result of dynamic intermolecular interactions that exist within a single phase [37] . It is known that the size of the formed vesicles depends on Laplace pressure, interfacial tension, concentration, temperature and the presence of other components. The physical stability of the vesicles depends on the thermal mobility of the components and may lead to the formation of larger vesicles or to the assembling of smaller vesicles. The driving force of those processes is the reduction in the Gibbs free energy (ΔG) of interface tension; introducing another component to the system may be expected to affect the thermodynamic equilibrium, resulting in morphological and structural changes. The α-Toc fluorescence, DLS and turbidometric data presented in Fig. 1 and Fig. 3 indicate that at low concentrations, below 15 mol%, α-Toc is embedded into the membrane in the monomeric form in a rather statistical manner. At the same time, an increase in the vesicle size was observed. This suggests that increasing tocopherol concentration in the membrane affects the lipophyllic balance, causing the formation of larger vesicles. Changes in the membrane structure in the presence of tocopherol have been reported in experiments using other methods as well. The formation of ripple phases in the phospholipid membrane at 5 mol% tocopherol concentration in saturated phosphatidylcholines was reported in X-ray diffraction and freeze-fracture electron microscopic studies. In the presence of more than 10 mol% α-tocopherol, biplanar bilayers with a worm-like surface texture were observed. Thus, α-tocopherol-enriched domains induce ripple phases with long-range and short-range periodicity. Planar bilayers with an increasing proportion of α-tocopherol in the mixtures (up to 20 mol%) were observed as well [10] . Impedance spectroscopy studies of α-Toc/PC mixtures with increasing tocopherol concentration, up to 46 mol%, are reported to show the condensation effect of tocopherol in the PC membrane and the formation of domains with 10:1 stoichiometry [15] . The non-linear fluorescence increase combined with further fluorescencequenching behavior observed above 20 mol% (Fig. 1A) turbidity, optical microscopy data and DLS have shown that at α-Toc mole fractions in the membrane higher than 20 mol%, a decrease in vesicle size occurred. All those results suggest morphological and structural changes to the vesicles. Other results which indicate that tocopherol in the membrane is not distributed randomly in similar systems have been published as well [12, 38, 39] . The 20 mol% value is very probably related to the limited solubility of α-Toc in phospholipid bilayers, whereas the disintegration of the membrane indicates a rapid change in the hydrophyllic-lipophyllic balance, bringing about the formation of non-lamellar structures. The formation of hexagonal H II or reversed cubic phases due to incorporated α-Toc was observed in DPPC or DPPE membranes [10, [40] [41] [42] . Microscopic and particle size measurements indicate that the presence of tocopherol with a molar ratio above 0.2 resulted in the effective formation and stabilization of submicrometer size vesicles. Complexes between tocopherol and fatty acids are known to occur in organic solvents [43] [44] [45] [46] [47] . The formation of such lipid/α-Toc complexes with different stoichiometry has been revealed by X-ray diffraction studies, as well as by fluorescence in both the gel and fluid phases of phospholipid membranes [45, [48] [49] [50] [51] [52] [53] [54] [55] . The above-cited references and the obtained data lead to the formulation of the following mechanism. Phospholipid relocation from the vesicles to the aqueous dispersed phase occurs within the sample during homogenation with the subsequent formation of specific mixed SUV, micelles or other type of aggregates. The fluorescence quenching data shows that tocopherol-stabilized vesicles are composed of small liposomes, micelles and aggregates of both. The size of the liposomes formed covers the range from 20 to 120 nm. It seems that the formation of new structures is not reversible. If aggregated, they mostly maintain their initial shape and size for at least one week. This indicates an interaction of the phospholipids with the tocopherol molecules, with a possible effect on their stability and an inhibiting impact on the formation of the lamellar vesicles. The protective antioxidant role of tocopherol is played by a monomeric molecule of α-tocopherol, which undergoes further transformations during oxidation. The presented results indicate that the number of tocopherol molecules that may be incorporated into the membrane as a monomer is limited. The spectroscopic parameters of α-Toc determined in this study indicate that the α-Toc monomer is included into the hydrophilic part of the PC membrane. [56] . Increasing tocopherol concentration in the membrane leads to self-quenching of the α-Toc fluorescence. On the molecular level, the observed phenomena can be ascribed to the interactions between α-Toc molecules and membrane phospholipids. The formation of exciplexes or ground-state complexes between tocopherol and fatty acids has been confirmed in studies using EPR [55] and fluorescence [9, 49, 57, 58] methods. Very probably, the formation of complexes between α-Toc methyl groups attached to the aromatic ring of the chromanol moiety and either free fatty acids or fatty acids esterified to the sn-2 position of PCs occurs in the investigated system. The structure and morphology of the aggregates formed in the PC membrane, whether those are mixed micelles or multilamellar layers of phospholipids covering micelles or the opposite, is currently under investigation. The presented view on the disruption process at high tocopherol concentrations in the membrane, compared to X-ray, freeze-fracture microscopy, NMR or impedance spectroscopy, arises from the fact that fluorescence is a very local method, covering a microenvironment with a radius of about 1 nm. This allows us to determine the type of interactions between components of the system, though at the expense of the micrometer-sized approach, lost to observe submicrometer domains of lipid-tocopherol mixtures.
In conclusion, the results obtained indicate that the hydrophilic-lipophilic balance in neutral bilayers formed from partially unsaturated lipids is upset when a substantial amount of α-Toc is introduced. This in turn induces a disruption process which finally leads to the formation of small vesicles and non-lamellar structures like micelles or mixed micelles.
